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FOREWORD

This report presents the results obtained at Atlantic Research
Corporation during the past eighteen months under U. S. Air Force Rocket
Propulsion Laboratory Contract No. FO 4611-68-C-0015. The purpose of
this program was to evaluate several experimental propellant grain-end
configurations and to investigate the use of reaction rate analysis as a
means of gaining further insight into the problem of cumulative damage
in solid propellants.

The report is presented in two independent parts each of which

is complete within itself. Part I presents the results from the grain-end

configuration evaluations while Part II describes the cumulative damage
studies.

The authors are indebted to Dr. A, J. Durelli and associates at
The Catholic University of America for their contribution of photoelastic
analysis of experimental grain-end shapes. Special acknowledgement is
also due to Dr. M. L. Williams of the University of Utah for his valuable
consultations throughout this program, particularily in the cumulative

damage studies. The authors also wish to thank Messieurs C. V. Bersche

and J. H. Smith, III, for their extremely valuable assistance in conducting

this program and preparing this report.

The full support and competent technical assistance of Mr. Norm
Walker, the Air Force Project Engineer, and Mr. Donald Saylak of the Air
Force Rocket Propulsion Laboratory is gratefully appreciated.

This technical report has been reviewed and is approved.

Norman D. Walker, Jr.
Project Engineer
RPMMD
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INTRODUCTION

The primary objective of Part 1 of this program was to
demonstrate that propellant failure at rase-bonded grain-ends can be
minimized by varying grain-end geometry to reduce the stress concentra-
tion at the case-propellant interface. Throughcut this part of the
program, a secondary objective has been to evaluate, whenever possible,
the extent to which we can accurately predict grain-end failure based
on state-of-the-art techniques.

Designing the end termination configuration of a case-bcnded

solid propellant rocket grain in order to minimize stress concentra-

tions at the propellant-case interface is a problem that continually
h confronts the rocket motor designer. This problem is particularly
evident in the design of large solid rockets. It is well known that
very high local stresses occur at this juncture and in some instances
have been responsible for motor failures.

Basically, these high stresses arise from two primary sources.
First, the mechanical and physical properties of the propellant and
case are usually one or more orders of magnitude apart. Of particular
significance is the difference in coefficients of expansion between
the two which serves as a loading or forcing function during temper-
ature changes. Secondly, the local stresses are directly relatable to
geometric discontinuties which may exist in the motor design. A classic
example of this is the aft-end or head-end termination juncture of the
propellant and the motor case where the included angle is less than 135
degrees, as 1llustrated in Figure 1. Here, the elastic stress solution
tends toward a mathematical singularity since the stress approaches

infinity.

Since the properties of most propellants are determined to a
great extent by motor ballistics performance, it is not always possible
to significantly alter these properties solely to satisfy structural

requirements. Thus an obvious approach has been to alter the grain-

o
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case end termination geometry in some manner so as to minimize the
local stress concentrations. Currently, the most popular approach,
particularly for head-end terminations, has been the incorporation of
rubber boots or shrinkage liners in a manner similar to the illustra-
tion in Figure 2. Industry experience has indicated that this tech-
nique provides for considerable stress relief and has usually bLeen
successful. However, it does have several disadvantages. The exact
state of stress around the boot 1s not well understood nor are its
limitations, such as the conditions under which failure occurs.

Until recently, little in the way of systematic investigation
of simpler grain-end terminations has been accomplished. Most notable
among recent work has been the photoelastic studies by Durelli and

Parks (1-6)

who have been employing the techniques of photoelastic stress
analysis to determine stress concentrations as a function of the appli-
cation of thermal stresses. Several grain-end configurations have been
‘investigated in detail. The results obtained have shown that stress
concentrations can, in fact, be markedly reduced by varying the grain-end
geometry, However, most available data have been obtained solely from
experiments using photoelastic models whose properties, though similar

in nature, differ considerably from the properties of current solid
propellants, particularly at failure. The complete significance of this

work could only become apparent after a systematic evaluation of these

developments with actual propellants.
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SUMMARY

The program to experimentally evaluate the effectiveness of grain
end configurations was divided into three phases. The emphasis in the
first phase was primarily directed toward continuation of the photo-
elastic evaluation of several grain-end configurations. Based on the
results from these and earlier studies, the most promising shapes wére
chosen for evaluation with live propellant. Concurrent with these studies,
work was 1in progress to select a propellant formulation for evaluation of
the chosen grain-end shapes.

The propellant chosen was required to be a well characterized
state-of-the-art formulation having relatively good mechanical properties
and excellent reproducibility. In keeping with these requirements, a
PBAN propellant system was chosen.

The second phase of this effort was devoted to the experimental
evaluation of grain-end configurations using circular port analogue
motors. To accomplish this a limited theoretical analysis was required.
This analysis consisted mainly of two parts. First, the analysis was
used to dimensionally design the experimental analogue motors. Second,
based on this design and considerations of propellant mechanical proper-
ties, the analysis was extended to obtain a prediction of the temperature
drop r.-zessary to cause propellant failure in the vicinity of the end
termination.

Normally, the design of these analogue motors is intended to
produce maximum stress at the bore surface in order to facilitate the
easy evaluation of propellant failure properties. However, in the use
of the analogue motor approach to evaluate grain-end terminations, the
objective is to cause failures, not in the bore, but at the grain ends
in order that the relative effects of various end configurations can be
evaluated. To accomplish this requires that the analogue motor dimensions
be properly chosen such that stresses at the ends will always exceed
those at the bore. As a result, one of the primary objectives of the

analogue motor design was to achieve a combination of grain dimensions
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such that the ratio of end termination stress to inner bore stress would

be greater than unity. This was accomplished by a series of parametric
design calculations using the well known Rohm and Haas finite element

(7)

computer techniques. The extension of this analysis to include failure
predictions for the end termination analogue motors was accomplished
through a numerical solution of the superposition integral for specified
strain and temperature histories. Combination of this solution with a
Smith Failure Emvelope for the propellant allowed for prediction of the
failure temperatures for each of the experimental analogue motors.

Experimental evaluation of the grain-end termination analogue
motors was very straightforward. Motors were prepared containing one of
the four experimental grain-end configurations. Each motor was subjected
to a step-wise cooling to failure over a period of two days. Inter-
mittent X-ray examination of each motor was conducted during the
incremental éooling until propellant failure in the form of cracking was
detected. Replicate tests were conducted to determine the failure
temperature for each of the experimental grain-end shapes. In addition,
a limited number of thermal cycling tests was also conducted. Based on
the results from these tests, the better performing grain-end configura-
tions were found to be a 45° inclined plane and a circular fillet.

Phase III of this part of the program consisted of only one
task. The best grain-end configuration from the analogue motor evalua-
tions was incorporated into a larger '"full scale" motor test. The
purpose of this test was to demonstrate the degree to which the concepts
of grain-end shaping developed in the photoelastic and analogue motor
studies can be incorporated into the design and fabrication of an actual
case-bonded solid rocket motor. In keeping with this, the inclined plane
and the circular fillet end terminations were .ast respectively into the
aft end and head end of a 12-inch diameter Air Force supplied motor case.
This motor was subsequently cycled between room temperature (75°F) and

-75°F with no sign of propellant failure.




PHOTOELASTIC ANALYSIS

The initial phase of the program was carried out by the
Catholic University of America (8-10) and was devoted to a continuation
of their original photoclastic studies. These studies were designed to
evaluate the effects of several geometrical parameters upon the stresses
at the corner termination and at the head end termination.

The first studv was a two dimensional photoelasticity procedure
to determine the stress concentration associated with the end of a strip
bonded on one side when the end has the shape of a wedge and the angle
of the tip is varied from zero to 180 degrees. Stress concentration
factors for the end angles are plotted in Figure 3 for corner radii of
1 1/8, 1/32, and <0.0001. 1t is interesting to note that for reasonably
controlled radii, the stress does not change for angles below 90°. Also,
the position of the point of maximum stress is not located at the inter-
face but somewhere above, and the location is constant for angles below
120°.

Next, long plates having a semi-circular end were bonded both
partially and totally to rigid frames, and elliptical holes were located
near the boundary either at the apex or at the transition between the
straigh® and circular boundaries. The stress concentrations around the
elliptical holes when the plate was subjected to biaxial restrained

shrinkage were determined. Figure 4 shows the results of this study.

The data clearly show that for this type of stress relief, the mini-
mum stress concentration is obtained when the ellipse diameter ratio
is unity - 1. e. a circle.

Additional two-dimensional studies were conducted to evaluate
the effects of multiple notches (in the form of circular holes) along
the case/propellant interface in the vicinity of the grain ends. The
results obtained indicated that additional stress relief notches beyond

the first one did not offer any significant advantage over the single

circular fillet.
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Figure 4. Parametric Stress Concentration Factors for Various Ratio
of Elliptical Perforations in the Plates Subjected to Restrained
Shrinkage (Data taken from reference 9, Figure 13).
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In addition to the two-dimensional studies, several three-

dimensional photoelastic models were also made having exactly the same
dimensions as the propellant analogue motors. These models contained
end configurations in the form of a 45° inclined plane, a square corner
and a wndtural meniscus. The results obtained for the inclined plane
and the square corner models were in excellent agreement with the
analytically calculated stress concentration factors shown in Table II
(page 45 of this report. Results for the meniscus were inconclusive,
primarily due to its somewhat variable nature.

The most significant task early during this current photo-
elastic study was to review all of the then available data fron the
current and previous studies. This review was aimed at selection of
the best shapes for further experimental evaluation bv Atlantic Research
using actual solid propellant analogue motors. Based on this review,
two aft-end grain shapes were recommended along with a square corner as

a referonce. These shapes are shown in Figure 5.
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a. Semi-Circle

b. 45-Degree Angle

c. Square Corner (Reference)

Figure 5. Shapes for Propellant Model Studies Based on
Photoelastic Study.

12

Ao Aa At




ANALOGUE MOTOR INVESTIGATION

The experimental evaluation of potential grain end configur-
ations was accomp’ ~ “ed using analogue motors. The normal analogue motor
technique employs the use of right circular propellant cylinders case-
bonded to metal cases. Using only temperature as a forcing function,
for a given web fraction, the bore hoop strain, €g9 is a direct function
of the temperature change, AT. By making the usual assumptions of plane

strain, incomprescibility and steady state temperatures, one obtains for

the bore strain

ee=1/2[(b/a)2-1] [BAT + AV]

where B is volumetric coefficient of expansion of the propellant and AV
is the propellant cure shrinkage. By varying the web fraction within a
series of motors and determining the AT necessary to crack the bore
surface, the propellant failure strain can be defined as a function of
temperature, However, in the use of the analogue motor approach to
evaluate grain end terminations, the objective was to cause failures,
not in the bore, but at the grain ends in order that the relative effects
of various end configurations could be evaluated. To accomplish this
required that the analogue motor dimensions be properly chosen such that
stresses at the ends would always exceed those at the bore. As a result,
one of the primary objectives of the analogue motor design was to achieve
a combination of grain dimensions such that the ratio of end termination
stress to inner bore stress would be greater that unity. This, coupled
with the results of the photoelastic studies, formed for the basis for
the design analysis.
MOTOR DESIGN

The theoretical analysis of grain end configurations, in support
of the experimental program, consisted of two parts. First, the analysis
was used to dimensionally design the experimental models. Second, based

upon the design configuration and a knowledge of the thermal history, a

13
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thermoviscoelastic analysis was used to predict the temperature change

necessary to cause grain failures in the vicinity of the end termination.

Parametric Design Analysis

In ~rder to better evaluate the effect of various parameters
upon the state of stress at the propellant grain end termination, a
parametric stress analysis was conducted for circular fillets. The
analysis considers a circular port incompressible grain encased in a
rigid case, and subjected to a uniform temperature change. The length
of the grain is such that a condition of plane strain exists at locations
remote from the ends.

Solutions were obtained for three web fractions and three
fillet radii at each web using the Rohm and Haas elastic finite element
computer code AMGO32A., Inputs to the code included boundary node
coordinates, thermal contraction for the case and propellant, moduli,
Poisson's ratios and the case thickness., Outputs consist of el-ment
stress and strain and node point displacements,

From the basic code output the following quantities are

calculated and presented herein:

b

o] - Maximum effictive fillet stress

f

ci - Plane strain effective bore stress
O Tangential fillet stress
Gr - Radial stress at grain-case interface
Trz - Shear stress at grain-casc interface
KF - Stress ratio at fillet OE/O:

The effective stress is used to compare the state cf stress in the motor
with uniaxial tensile data. The effective stress is given for an axi-

symmetric stress distribution as

oo

5 2 2 2 2 1%
o 0.707 (or-Og) 4 (GQ-OZ) + (Oz-ﬁr) + 67T

rz
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Figures 6 through 12 present the significant results of this parametric
study. The quantity § is the differential linear thermal strain between
the case and the propellant grain and E is the equivalent elastic modulus
of the propellant.

The results show that the stress ratio, K., increases with

’
decreasing fillet radius and/or decreasing web fracfion. To have failure
at the fillet rather than at the bore, the stress ratio must be greater
than unity. Although decreasing the web fraction increases the proba-
bility of failure at the fillet, the actual stress magnitude is lowered.
This requires a lower temperature for failure. Since there are practical
limits to the minimum reliable fillet radius and minimum obtainable
temperature, the experimental study was limited to only 50% web fractiomn
analogue motors.

End Termination Analysis

Besides the circular fillet analogue motors, three conical end
terminations and a square end reference motor were made and tested.
Since time and funds did not permit a parametric study of the conical
terminations, only the specific configurations tested were analyzed.
The initial configurations were cones that intersected the case at angles
of 90°, 60° and 45°. After completion of the first series of tests it
was determined that in ocder to provide a more valid comparison between

the circular fillet and the conical terminations a modified cone was

SRS

required. Therefore, the 45° partial cone was designed to displace the

same propellant volume as the 0.20" radius fillet.

22

The strcss analysis of these geometries was also performed

with rhe Rohm and Haas computer code and the results are shown on

Figures 13 through 15. Althouglh the solutions for the 60° and 90° cones
appear to be singular, for practical purposes finite values were taken
to within one percent of the boundary.

A limited analysis of a head bonded grain was also made, The

15
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stresses at the bond of the propellant to a flat rigid head closure are
shown on Figure 16. These results indicate that the head bond causes a
similar situation as the cylindrical bond termination, and that the
magnitude of the stress is not significantly different. Therefore,
conclusions that apply to the end termination will also apply to the
head bond. For this reason no further detailed study of the head end
was undertaken.
THERMOVISCOELASTIC RESPONSE

The mechanical response of the analogue motors to spatially
uniform temperature changes was predicted using a numerical solution
to the superposition integral for specified strain and temperature

(11)

histories. The validity of the solution was established by comparing

the calculated response of simultaneously strained and cooled JANAF
tensile bars to the actual measured response.

It is assumed that the propellant is a thermorheologically
simple viscoelastic material in which case the relaxation time is only
a function of temperature. Therefore, the time-temperature shift factor

is given by the "WLF" equation(lz)

log a,= —C1 (T-Ts) / (C2+T—TS)

where C1 and 02 are material constants and TS is an appropriate refer-

ence temperature. The reduced time is defined as

t
EK=f _.(.1.!:___.
/ a, T(t)
1f the temperature is assumed to be constant between a series of step

changes, the reduced time is given by the following sum

K A,
gy i
g =Y aTIT‘Ql

=1

The viscoelastic stress response to a strain history is given by the

26




o/-ES

10T
9
. T — u:‘-_—__‘_
T
6
l Oz
\ /.5-——[-.._______.__
4
\ W/b = 50 Percent
\-/ T ;\\\‘\\;\\\}\;1% T
3  FRS -
}_ z »2 -
- I I R R
0 0.5 1.0 1.5 2.0 2.5 3.0
z/W

Figure 16. Stress Distribution at the Bore of a Fixed End Grain.
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A

superposition integral
de, ,

t
ry x ! i) '
% (t) - ! (t-t') —gv dt

where % is the relaxation function.

If the strain history is assumed to be a series of step func~-
tions each applied at its appropriate time, t'. stress becomes the sum
of the stress relaxations for each strain, The corresponding relaxation
function will be determined for each strain history according to the
temperature variation during its period of application., This procedure

allows the integral equation to be replaced by the sum

T N
(0,) = =% ¢ (£) (e,.)
i} Ts‘él K ij’K

For uniaxial states of stress & is equivalent to the relaxatior. modulus
which can be represented by a Dirichlet series., This series can be
fitted to experimental data to any desired degree of accuracy. In terms

of the reduced time the relaxation modulus is

E (§K) a9 +Y E_ exp ('fK/Tm)
Table 1 shows the constants in the relaxation series used for the
ARCADENE 212 propellant to calculate the stress response for the JANAF
specimens as well as the analogue motors.

Figures 17 through 21 show the calculated stress response of

the thermomechanically loaded JANAF tensile bars compared with the

measured response. These tests are described in Volume II of this report.

Since the thermal gradient problem could not be solved, the
exact analytical solution was bracketed by first assuming a uniform

temperature equal to the temperature at the center of the specimen., Thixs
i3 represented by the lower curve on the figures., Next the temperature

of the bar was assumed to be uniformally equal to the chamber tempera-
ture and the upper curve was calculated., Actual data points are shown

as circles and squares. The open symbols indicate rupture.
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Figure 17. JANAF Strain and Cool Response Crosshead
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Figure 18. JANAF Strain and Cool Response Crosshead
Speed of 0.005 in/min.
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Figure 20. JANAF Strain and Cool Response Crosshead
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Some of the differences between theory and experiment can be
attributed to the nonlinear characteristics of the PBAN propellant,
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